Abstract. Signal transducer and activator of transcription 3 (STAT3) is involved in the survival, proliferation, angiogenesis, invasion and metastasis of tumor cells. In addition, interleukin-6 (IL-6) has been reported to be closely related to STAT3 activity. In the present study, we investigated whether crocin, a major glycosylated carotenoid derived from saffron, can modulate the IL-6/STAT3 pathway to induce growth inhibition and sensitivity to cancer cell apoptosis. We determined that crocin inhibited STAT3 activation induced by IL-6 in hepatocellular carcinoma Hep3B and HepG2 cells. STAT3 suppression was mediated through the inactivation of Janus kinase 1/2(JAK1, JAK2) and Src kinase in both liver cancer cell lines. Furthermore, crocin induced the expression of protein tyrosine phosphatase (PTP) SHP-1, which led to STAT3 dephosphorylation. Deletion of the SHP-1 gene by siRNA recovered the inhibitory effects of crocin, suggesting an important role for SHP-1. Moreover, crocin downregulated the expression of STAT3-regulated anti-apoptotic (Bcl-2, survivin), proliferative (cyclin D1), invasive (CXCR4) and angiogenic (VEGF) proteins. Conversely, crocin increased the pro-apoptotic (BAX) protein, which was correlated with the induction of apoptosis and inhibition of proliferation. Overall, these results provide evidence that crocin has the potential for anticancer activity through inhibition of the IL-6/STAT3 signaling pathway, especially in liver cancer.
Introduction
Hepatocellular carcinoma (HCC) represents approximately 90% of primary liver cancers and is the second leading cause of mortality among all human malignancies (1) . Unfortunately, patients often present with advanced HCC that is unresectable, recurrent or metastatic. Systemic chemotherapy is ineffective in these patients (2) . Classical radiation therapy is not a standard adjuvant for patients with HCC due to intolerance and resistance of the liver to radiation. In this aspect, developing effective therapies for liver cancer is one of the most challenging goals in cancer research. There have been many studies that have revealed that local expression of interleukin-6 (IL-6) in the liver was increased in patients with chronic hepatitis. Moreover, signal transducer and activator of transcription 3 (STAT3) plays a major role in the pathogenesis of hepatocellular carcinoma (3) . IL-6 is a secreted multifunctional cytokine that has been identified as a master regulator of the STAT3 signaling pathway (4, 5) . Furthermore, tumor-associated macrophages were revealed to activate IL-6/STAT3 signaling in neighboring HCC stem cells via secretion of IL-6 in the HCC microenvironment and consequently promote tumor progression. Numerous studies have demonstrated that STAT3 participates in regulating gene expression related to cell proliferation (c-myc, cyclin D1), survival (Mcl-1, Bcl-xL and survivin), invasion (matrix metalloproteinase-9), and angiogenesis (VEGF) (6) . Activation of STAT3 was also associated with decreased survival rates in HCC (7) and other types of cancer. These findings indicate that STAT3 has emerged as a therapeutic target for the development of anticancer agents.
Thus far, the use of anticancer drugs derived from traditional medicine offers new opportunities to improve existing standard treatments for cancer and other diseases. Crocus sativus L. (saffron) has been known as a flavoring agent, food coloring and traditional herbal medicine. Major components including safranal, picrocrocin, crocetin and crocin are considered as the pharmacologically active components of saffron (8) . Crocin [digentiobiosyl all-trans-crocetin (8, 8 '-di-apocarotene-8,8'-dioic acid) ester] is a major glycosylated carotenoid found in saffron (9) that has various pharmacological effects such as antioxidant (10, 11) , anti-atherosclerotic (12) , antidepressant (13) and anti-inflammatory activities (14, 15) . Moreover, some studies have shown anticancer activities of crocin against human leukemia (16) , colorectal (17) , breast (18) and bladder cancer cell lines (19) . In addition, crocin is a potential nutraceutical for protecting liver tissue from hepatic steatosis (20) . Based on these studies, it is expected that crocin could possibly be used to prevent and treat various cancers in the near future. However, the direct influence of crocin on the STAT3 signaling pathway has not been investigated. Thus, we examined whether crocin exerts therapeutic effects by modulating the IL-6/STAT3 cell signaling pathways.
In the present study, we revealed that crocin suppressed the activation of the STAT3 pathway in IL-6-stimulated hepatocellular carcinoma cells. Crocin suppressed the activation of non-receptor protein tyrosine kinases (JAK1, JAK2 and Src) and upregulated SH2-containing tyrosine phosphatase (SHP-1). Crocin also downregulated STAT3-regulated gene products and promoted apoptotic progression in liver cancer cells.
Materials and methods
Reagents. Crocin, with the chemical structure presented in Fig. 1A , was provided by Dr Ki Yong Lee (College of Pharmacy, Korea University). A 10-mM solution of crocin was prepared in dimethyl sulfoxide (DMSO), stored as small aliquots at -20˚C, and then diluted as needed in cell culture medium. RPMI-1640, fetal bovine serum (FBS), and an antibiotic-antimycotic mixture were obtained from Gibco-BRL (Grand Island, NY, USA). The antibodies used were as follows: p-STAT3 antibiotics. Cells were maintained at 37˚C in an atmosphere of 5% CO 2 -95% air. All cells were passaged at 80% confluence in 0.25% trypsin-EDTA for 3-5 min.
Western blotting. The whole-cell extracts were lysed with RIPA buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 50 mM β-glycerophosphate, 1% NP-40, 1 mM Na 3 VO 4 and 1x protease inhibitor cocktail). The extracted proteins were then resolved on sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE). After electrophoresis, the proteins were electrotransferred to polyvinylidene fluoride (PVDF) membranes, blocked with 5% non-fat milk. The blots were subjected to a standard immune detection procedure using specific antibodies overnight at 4˚C. The blot was washed, exposed to HRP-conjugated secondary antibodies for 1 h, and finally examined by enhanced chemiluminescence reaction using ECL reagents (Amersham Pharmacia Biotech, Buckinghamshire, UK).
The primary antibodies used were as follows: p-STAT3 (1:1,000; rabbit, polyclonal; cat. no. sc-277), JAK2 (1:1,000; rabbit, polyclonal; cat. no. sc-278), Bax (1:1,000; rabbit, polyclonal; cat. no. sc-493), Bcl-2 (1:1,000; rabbit, polyclonal; cat. no. sc-492; all from Santa Cruz Biotechnology), CXCR4 (1:10,000; rabbit, polyclonal; cat. no. sc-492; Abcam). The secondary antibodies used were goat anti-mouse IgG (1:5,000; mouse, monoclonal; cat. no. sc-2355; Santa Cruz Biotechnology) and anti-rabbit IgG (1:5,000; rabbit, polyclonal; cat. no. 14708; Cell Signaling Technology, Inc.).
To detect the expression of STAT3-regulated proteins, Hep3B and HepG2 cells were treated with 20 µM crocin for the indicated time-points. The cells were then washed and extracted by incubation for 30 min on ice in RIPA buffer. The lysate was centrifuged, and the supernatant was collected. Whole-cell protein extract (20 µg) was resolved on 10-12% SDS-PAGE and then electro-transferred onto a PVDF membrane. Proteins were detected by incubation with primary antibodies against CXCR4, SHP-1, p-Src, Src, p-JAK1, JAK1, p-JAK2, JAK2, VEGF, survivin, Bax, Bcl-2, cyclin D1, caspase-9, caspase-3, PARP and β-actin, followed by secondary antibodies conjugated with horseradish peroxidase. Immuno-complexes were visualized by a chemiluminescence reaction using ECL reagents. Signal intensity was quantified by an image analyzer (LAS 4000).
Preparation of cytosolic and nuclear fraction. Hep3B and HepG2 cells were treated with 10 ng/ml IL-6 for 1 h, and then both cell lines were washed two times and scraped with PBS. The cell suspension was incubated for 5 min on ice with buffer A (10 mM HEPES-KOH pH 7.9, 1.5 mm MgCl 2 , 10 mM KCl, 0.5 mM DTT, 300 mM saccharose, 0.1% NP-40 and 0.5 mM PMSF) and centrifuged for 5 min at 1,000 x g (4˚C). The supernatants (cytosol fraction) were picked up and the cell pellets were suspended and incubated for 10 min (4˚C) in buffer B (20 mM HEPES-KOH pH 7.9, 20% glycerol, 100 mM KCl, 100 mM NaCl, 0.2 mM EDTA, 0.5 mM PMSF and 0.5 mM DTT). These were immediately centrifuged at 17,000 x g for 5 min (4˚C) and the supernatants (nuclear fraction) were recovered.
Electrophoretic mobility shift assay (EMSA).
Hep3B and HepG2 cells were grown to ~80% confluence and nuclear protein was prepared. STAT3/DNA-binding activity was detected by EMSA using the DIG Gel Shift kit (Roche, Mannheim, Germany) according to the manufacturer's protocol. Briefly, the nuclear proteins were subjected to hybridization with a double-stranded, DIG-labelled oligonucleotide probe containing the consensus binding site for STAT3 (5-CTT CAT TTC CCG TAA ATC CCT AAA GCT-3 and 5-AGC TTT AGG GAT TTA CGG GAA ATG A-3).
Immuno fluorescence for STAT3 translocation. Crocin-treated cells were plated on a glass slide and fixed in 3.7% formaldehyde in PBS. The membrane was permeabilized by treating cells for 5 min with 0.1% Triton X-100 in PBS. After a brief washing in PBS, the slides were blocked with 5% bovine serum albumin for 1 h and then incubated with anti-human STAT3 antibody (1:1,000; rabbit, monoclonal, cat. no. 9145; Cell Signaling Technology, Inc.) for 1 h at room temperature. After being washed, the slides were incubated with the secondary antibody Alexa Flour 488 (1:100; goat anti-rabbit IgG, 6 /ml) were treated with IL-6 (10 ng/ml) for indicated time-points. Whole-cell extracts were prepared, and phosphorylated STAT3 was detected by western blotting as described in Materials and methods. (C) Crocin downregulated IL-6-induced phospho-STAT3 in a dose-dependent manner. Hep3B and HepG2 cells (1x10 6 /ml) were treated with the indicated concentrations of crocin for 24 h and then stimulated with IL-6 (10 ng/ml) for 60 min. Whole-cell extracts were prepared, and phospho-STAT3 was detected by western blotting. The same blots were stripped and reprobed with the STAT3 antibody to verify equal protein loading. (D) Crocin downregulated IL-6-induced phospho-STAT3 in a time-dependent manner. Hep3B and HepG2 cells (1x10 6 /ml) were treated with 20 µM crocin for the indicated time-points and then stimulated with IL-6 (10 ng/ml) for 60 min. Whole-cell extracts were prepared, and phospho-STAT3 was detected by western blotting. (E) Crocin suppresses phospho-STAT3 levels in breast and colon cancer cells. MDA-MB-231, HCT116, BxPC3, A549 and A2780 cells (1x10 6 /ml) were not or were treated with 20 µM of crocin and stimulated with IL-6 (10 ng/ml) for 24 h, after which whole-cell extracts were prepared, and phospho-STAT3 was detected by western blotting. The same blots were stripped and reprobed with the STAT3 antibody.
polyclonal; cat. no. A11008; Thermo Fisher Scientific, Inc., Carlsbad, CA, USA) for 30 min and counterstained for nuclei with Hoechst 33342 (ImmunoChemistry Technologies, LLC, Bloomington, MN, USA) for 10 min. The slides were mounted using ProLong ® Gold Antifade Mountant reagent (Molecular Probes ® by Life Technologies™; Thermo Fisher Scientific, Inc.). Fluorescence micrographs were acquired with a fluorescence microscope (Nikon ECLIPSE Ti-U; Nikon Corporation, Tokyo, Japan).
Transfection with SHP-1 siRNA. Human hepatocellular carcinoma cells (Hep3B) were plated in 6-well plates and allowed to adhere for 24 h. On the day of transfection, 9 µl of Lipofectamine RNAiMAX transfection reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was added to 50 nm SHP-1 siRNA (sense-GGG CAA GAA CCG CUA CAAGtt, antisense-CUU GUA GCG GUU CUU GCC Ctt) (Ambion) in a final volume of 150 µl of culture medium. After 48 h of transfection, the cells were treated with crocin for 24 h, and whole-cell extracts were prepared for SHP-1, STAT3, and phospho-STAT3 analysis by western blotting.
TUNEL assay. The in situ labeling of apoptotic cells was performed using a terminal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate-digoxigenin (dUTP) nick-end labeling (TUNEL) assay with commercial kits (Roche, Mannheim, Germany).
Statistical analysis. The data are presented as the mean values ± standard error (SE) of the mean of at least three separate experiments. Comparisons were made using Student's t-test. For all analysis, a two-sided P-value <0.05 was considered to indicate statistical significance.
Results
Crocin inhibits inducible STAT3 activation in IL-6-stimulated cancer cells. Since previous research has shown that STAT3 6 /ml) were treated with the indicated concentrations of crocin for 24 h and then stimulated with IL-6 (10 ng/ml) for 60 min. In addition, nuclear STAT3 levels were analyzed using EMSA as described in Materials and methods. (B) Hep3B and HepG2 cells (1x10 6 /ml) were treated at the indicated time-pointswith 20 µM crocin and then stimulated with IL-6 (10 ng/ml) for 60 min. In addition nuclear STAT3 levels were analyzed using EMSA. (C) Crocin inhibits IL-6-induced JAK1, JAK2, and Src kinase activation in Hep3B and HepG2 cells. These cells were treated with the indicated concentrations of crocin for 24 h and then stimulated with IL-6 (10 ng/ml) for 60 min. Whole-cell extracts were prepared and 40 µg aliquots of those extracts were resolved on 10% SDS-PAGE, electro transferred onto PVDF membranes and probed with p-JAK1, p-JAK2 and p-Src. The same blots were stripped and reprobed with JAK1, JAK2 and Src antibodies to ascertain equal protein loading.
can be phosphorylated at tyrosine residue 705 by stimulation with cytokines (IL-6 and IL-11) and growth factors (EGF and PDGF) (4,21), we first investigated whether IL-6 induced STAT3 phosphorylation in hepatocellular carcinoma HepG2 and Hep3B cells. The results revealed that IL-6 induced STAT3 phosphorylation after as few as 15 min and increased its phosphorylation for up to 60 min (Fig. 1B) in both cell lines. Then, we investigated whether crocin modulated IL-6-induced STAT3 phosphorylation. HepG2 and Hep3B cells were incubated with different concentrations of crocin for 24 h and then treated with IL-6 for 60 min. Whole-cell extracts were prepared and assessed for STAT3 phosphorylation by western blot analysis using an antibody that recognizes STAT3 phosphorylated at tyrosine 705. Crocin inhibited IL-6-induced phosphorylation of STAT3 in Hep3B and HepG2 cells, with maximum inhibition occurring at 20 µM (Fig. 1C) . When we examined the incubation time required for crocin to suppress STAT3 activation in both cell lines, inhibition of STAT3 phosphorylation was revealed to be in a time-dependent manner, with maximum inhibition occurring at 24 h (Fig. 1D) . Persistent or inducible activation of STAT3 has been frequently found in the majority of human cancers including pancreatic (22) , lung (23), ovarian (24) , breast (25) and colorectal (26) cancers. Thus, we investigated whether crocin inhibited STAT3 activation in IL-6-stimulated various cancer cells. Our data revealed that crocin suppressed inducible STAT3 activation in HCT116 and MDA-MB-231 cell lines as well as in BxPC3, A549 and A2780 cells (Fig. 1E) , and these findings revealed that inhibition of STAT3 activation by crocin was not cell type-specific.
Crocin inhibits the DNA-binding activity of STAT3 in IL-6-stimulated liver cancer cells. Phosphorylation of STAT3
at Tyr705 leads to dimerization, nuclear translocation, where it binds to STAT3-specific DNA-binding elements and regulates gene transcription (27) . We therefore determined whether crocin suppressed the DNA-binding activity of STAT3. Cells were treated with different concentrations of crocin for 24 h or 20 µM crocin at different time-points. Crocin inhibited STAT3-DNA binding in IL-6-stimulated Hep3B and HepG2 cells in a dose-and time-dependent manner ( Fig. 2A and B) .
Crocin inhibits JAK1, JAK2, and Src kinase activation in IL-6-stimulated liver cancer cells.
The tyrosine residues in the STAT protein are phosphorylated by a variety of upstream signaling kinases including JAKs and Src (28) . The effect of crocin on the activation of JAK1, JAK2 and Src in IL-6-stimulated Hep3B and HepG2 cells was assessed, since the inhibitory effect of crocin on STAT3 phosphorylation was due to suppression of the upstream signaling pathway. The results revealed that JAK1, JAK2 and Src were activated by IL-6, and treatment with crocin inhibited the phosphorylation of these proteins in a dose-dependent manner (Fig. 2C) .
Crocin depletes the nuclear pool of STAT3 in IL-6-stimulated liver cancer cells.
Since it is unclear that phosphorylation is essential for nuclear transfer and carcinogenic functions of STAT3 (27) , we investigated whether crocin suppresses nuclear translocation of STAT3. As shown in Fig. 3 , crocin inhibited the translocation of STAT3 to the nucleus in IL-6-stimulated Hep3B (Fig. 3A) and HepG2 (Fig. 3B ) cells. Therefore, these results indicated that inhibition of STAT3 phosphorylation by crocin impaired STAT3 transcriptional function by blocking nuclear translocation.
Pervanadate reverses crocin-mediated inhibition of STAT3
phosphorylation in IL-6-stimulated Hep3B cells. Protein tyrosine phosphatases (PTPs) have been considered to be related to the STAT3 signaling pathway (29) . Therefore, we investigated whether PTPs were involved in blockade of STAT3 signaling by crocin in Hep3B cells. Sodium pervanadate (a broad-acting tyrosine phosphatase inhibitor) reversed crocin-mediated inhibition of STAT3 activation induced by IL-6 (Fig. 4A) , indicating that the inhibitory effect of crocin was related to at least one tyrosine phosphatase.
Since previous studies have shown that various natural products such as pectolinarigenin (30) , capsazepine (31) and ginkgetin (32) dephosphorylate STAT3 through SHP-1 activation, we observed the protein level of SHP-1 in IL-6-stimulated Hep3B cells after crocin exposure. We determined that crocin increased SHP-1 expression in a dose-dependent manner (Fig. 4B) . This result revealed that SHP-1 plays an important role in crocin-mediated inhibition of STAT3 activity.
Suppression of SHP-1 by a specific siRNA reverses crocinmediated inhibition of STAT3 phosphorylation.
To confirm that dephosphorylation of STAT3 by crocin was due to SHP-1, a siRNA against SHP-1 was transfected into IL-6-stimulated Hep3B cells after treatment with or without crocin. The results revealed that dephosphorylation of STAT3 by crocin was confirmed in the control group and the scrambled-siRNA transfected group. However, STAT3 dephosphorylation was recovered in the SHP-1-siRNA transfected group (Fig. 4C) . These results corroborated our earlier evidence on the critical role of SHP-1 in suppression of STAT3 phosphorylation by crocin. SHP-1 gene silencing with siRNA did not suppress activation of JAK1, JAK2 and Src in IL-6-stimulated Hep3B cells (Fig. 4D) . These data indicated that SHP-1 has a critical role in the inhibition of STAT3 signaling by crocin.
Crocin downregulates gene expression related to cell proliferation, survival, apoptosis, and invasion in IL-6-stimulated liver cancer cells. Cyclin D1 is required for cell proliferation and transition from G1 to S phase of the cell cycle and is regulated by STAT3. We revealed that crocin treatment suppressed the expression of cyclin D1 in a time-dependent manner in IL-6-stimulated liver cancer cells. In addition, there are many studies suggesting that STAT3 activation is associated with the expression of gene products involved in cancer metastasis (CXCR4) (33) (34) (35) and angiogenesis (VEGF) (36) . Based on this, we observed that crocin treatment suppressed the expression of CXCR4 and VEGF in IL-6-stimulated liver cancer cells in both cell lines. Furthermore, STAT3 activation also regulates the expression of various gene products related to apoptosis, including Bcl-2, Bcl-xL, and surviving (6) . To identify the role of crocin in apoptotic cell death, we performed western blot analysis of anti-apoptotic proteins, Bcl-2 and survivin. The results revealed that crocin significantly decreased the level of Bcl-2 and survivin and increased the level of BAX as shown in Fig. 5A . Based on these results, it was determined that crocin had an effect on antiproliferation, apoptosis and blockade of invasion in IL-6-stimulated liver cancer cells.
Crocin activates caspase-9, -3 and PARP cleavage. We also investigated whether suppression of STAT3 activation by crocin led to apoptosis. Cells were treated with 20 µM of crocin for different time-points and then examined for activation of caspases by western blotting using specific antibodies. We observed cleavage of caspase-9, caspase-3 and PARP at 20 µM of crocin for 24 h (Fig. 5B) . Finally, we also determined that cells exposed to crocin were TUNEL-positive, further corroborating with evidence the initiation of apoptosis in these cells. These results clearly revealed that crocin induced caspase-dependent apoptosis in IL-6-stimulated Hep3B (Fig. 6A) and HepG2 (Fig. 6B) .
Discussion
STAT3 activation is closely involved in a wide range of tumor types such as carcinoma, sarcoma, lymphoma and leukemia (6, 37) and pharmacological inhibition of STAT3 has shown its potential in cancer prevention and treatment. In addition, interleukin-6 (IL-6) has been reported to be closely related to STAT3 activity. The purpose of this study was to examine whether crocin, derived from Crocus sativus L. (saffron), exerted its anticancer effects through abrogation of the STAT3 signaling pathway induced by IL-6 in liver cancer cells. We first investigated whether crocin inhibited STAT3 activation induced by IL-6 in Hep3B and HepG2 cells. The results revealed that crocin inhibited STAT3 activation and this was related to inactivation of upstream kinases and induction of protein tyrosine phosphatase (PTP). Moreover, blockade of STAT3 activation led to suppression of gene expression regulated by STAT3. Recent studies have revealed that STAT3, which plays an important role in carcinogenesis, may contribute to designing novel targeted therapies (30, 31) . We found that crocin suppressed IL-6-induced STAT3 activation and STAT3-DNA binding in liver cancer cells. Phosphorylation of STAT3 is mediated through activation of non-receptor protein tyrosine kinases, including Janus-like kinases (JAK)-1, -2, TYK2, and c-Src kinasec (38) . Thus, we examined whether crocin had an inhibitory effect on these kinases that have demonstrated potential in the STAT3 activation pathway. Notably, we observed that crocin inhibited activation of JAK-1, JAK-2 and Src in IL-6-stimulated Hep3B cells. The SH2 domain-containing phosphatase 1 (SHP-1) is a non-receptor PTP that has been revealed in hematopoietic cells (39, 40) . Specifically, SHP-1 has tumor-suppression potential due to negative regulation of STAT3 signaling during tumor progression (41, 42) . We revealed that crocin treatment significantly increased the expression of SHP-1 and this was correlated with a decrease in p-STAT3 expression. We also demonstrated that crocin had no effect on suppression of 6 /ml) were treated with 20 µM crocin for indicated time-points and then stimulated with IL-6 (10 ng/ml). After whole-cell extracts were prepared and 30 µg proteins of those extracts were resolved on 12% SDS-PAGE, the membranes were probed against cyclin D1, CXCR4, VEGF, Bcl-2, survivin and BAX antibodies. The same blots were stripped and reprobed with the β-actin antibody to ascertain equal protein loading. (B) Hep3B (left panel) and HepG2 (right panel) cells (1x10 6 /ml) were treated with 20 µM crocin for indicated time-points and then stimulated IL-6 (10 ng/ml). After whole-cell extracts were prepared and 30 µg proteins of those extracts were resolved on 8 or 12% SDS-PAGE, the membranes were probed against cleaved caspase-3, cleaved caspase-9 and cleaved PARP antibodies. The same blots were stripped and reprobed with the β-actin antibody to ascertain equal protein loading.
p-STAT3 when the cells were transfected with SHP-1-siRNA. Notably, our present findings revealed that the tyrosine phosphatase SHP-1, which is upregulated by crocin, plays a critical role in suppression of the STAT3 signaling pathway in IL-6-stimulated liver cancer cells.
STAT3 activation, which results in encoding anti-apoptotic proteins and proliferation-associated proteins and leads to decreased cell death, is strongly associated with the development of various types of cancer (43, 44) . Apoptosis is the process of programmed cell death characterized by a series of morphological changes, including plasma and nuclear membrane blebbing, cell shrinkage, and caspase activation. In the present study, we detected that crocin significantly promoted the activation of caspase-3 and caspase-9 along with enhanced cleavage of PARP, indicating that crocin may exert its anticancer activity via enabling induction of apoptosis. In addition, STAT3 has been confirmed to be involved in the regulation of anti-apoptotic proteins and the inhibitor of apoptosis protein (IAP) family (45) . We also demonstrated that crocin decreased the expression levels of Bcl-2 and survivin, suggesting that crocin induces apoptosis in Hep3B and HepG2 cells stimulated with IL-6. Various natural drugs have been reported to inhibit cyclin D1, VEGF and CXCR4, which are regulated by STAT3. For example, quercetin inhibited the IL-6/STAT3 signaling pathway and inhibited growth and migration of glioblastoma cells (46) . Plumbagin downregulated cyclin D1 and VEGF expression through STAT3 regulation (47) , and sinomenine inhibited the invasion and metastasis through inhibition of the CXCR4-STAT3 pathway (48) . As observed in these studies, crocin ameliorated the expression of genes related to cell proliferation and invasion, as evidenced by decreased expression of cyclin D1, VEGF and CXCR4.
In conclusion, the present study provides evidence that crocin has the potential for anticancer activity through inhibition of the IL-6/STAT3 signaling pathway, especially in liver cancer. However, further research using clinical animal models is warranted to realize all the potential of this molecule as an anticancer drug.
